The effects of inductively coupled plasma (ICP) etching damage on the electrical characteristics of low-Mg-doped p-GaN Schottky contacts were evaluated. The ICP etching greatly reduced the memory effect in the current-voltage characteristics and the difference between the depletion layer capacitances before and after forward current injection. These reductions indicate that acceptor-type interfacial defects were passivated by H atoms during ICP etching. Additionally, photoresponse (PR) measurements revealed that Schottky barrier height was increased from 2.08 to 2.63 eV by the etching. Because of the surface state change, the Fermi level position would be moved toward the conduction band edge slightly by the etching. After annealing, the memory effect and the capacitance change were partially restored, and the PR spectra showed less variation. Absorbed H atoms on the p-GaN surface might be released by annealing.
Introduction
A recent progress in the development of GaN-based optoelectronic devices, such as blue light-emitting diodes, laser diodes, and ultraviolet detectors, points to the need for better ohmic contacts to p-GaN and a deeper understanding of the basic characteristics of a metal/p-GaN interface. We have reported improved leaky characteristics for Ni/p-GaN Schottky contacts by low Mg doping and obtained a Schottky barrier height (q B ) as large as 2.4 ± 0.2 eV from current-voltage (I-V) measurements. 1) It is also found that surface Fermi level (E F ) pinning is strong and a large number of acceptor-type midgap defects (D mid ) are in the vicinity of the interface.
2) Carrier capture and emission from D mid localized in the vicinity of the interface cause depletion layer width (W dep ) to vary significantly. Upon the ionization of the defects by white light, which results in a small W dep , current can go through the Schottky barrier and a leaky I-V curve is observed. Upon filling by current injection, W dep increases and the large original q B is seen. This reversible transition with a very long time constant of thermal emission from D mid is called a memory effect.
As for device fabrication, an inductively coupled plasma (ICP) etching technique has been widely used in the mesa isolation of a p-n junction structure for not only optical devices but also electron devices, i.e., etching the GaN surface down to a base layer of npn bipolar transistors and a buried p-layer in field-effect transistors. 3, 4) In these processes, p-layer surfaces would be affected by process-induced damage. To date, this type of damage has been evaluated by using the X-ray photoemission spectroscopy method (XPS), Schottky and metal/insulator/semiconductor diodes for n-GaN, and back-to-back diodes for p-GaN. [5] [6] [7] [8] [9] [10] [11] In this study, low-Mg-doped p-GaN Schottky contacts were used to evaluate ICP etching damage. Basically, the p-GaN Schottky contacts are expected to be sensitive to surface damage and conventional I-V, capacitance-voltage (C-V), and photoresponse (PR) methods can be used for characterization.
Experimental Procedure
In this experiment, we used free-standing GaN substrates in order to eliminate the effect of dislocations as much as possible. One-micrometer-thick undoped GaN films In the PR measurements, when monochromatic light with a photon energy (h ) greater than q B is incident on a metal/GaN interface, carriers in the metal can surmount the Schottky barrier and a photocurrent may be generated, which is called the internal photoemission effect. Schottky barrier height can be determined from the measured photoemission using Fowler's equation:
where Y is the measured photoemission yield. When h is close to the band edge, owing to the generation of electron-hole pairs, a large photocurrent flows, as observed in a solar cell. The reverse biased current was as low as around 1 pA at V = 10 V for all the samples, and the effects of etching and annealing were not observed. Figure 4 shows the measured depletion layer capacitances. Here, the amount of Hashizume and Nakasaki reported that H 2 plasma treatment induced the formation of N vacancies, whose energy level is located below the conduction band by 0.5 eV in metal/SiN/n-GaN diodes.
Results
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7)
The same phenomena may also occur on the GaN surfaces under our experimental conditions: however, as the N vacancy level is above E F , defect compensation is essentially not effective for p-GaN contacts.
Therefore, H 2 passivation is more likely.
From the PR results, E F pinning is strong at the GaN surface, but the position is moved to the conduction band edge slightly by the etching. There are some reports on the surface band bending of p-GaN surfaces investigated by XPS measurements. Lin and Chu reported that band bending increased from 1.0 to 1.7 eV, and the leakage current was suppressed by reactive ion etching. 5) In contrast, Jang and Lee reported that the bending decreased, but the leakage current remained suppressed by ICP etching.
11)
They suggested the formation of an n-GaN layer at the top surface. Our results supported Lin's report indicating that even Schottky contacts were formed on p-GaN surfaces.
Finally, the effect of annealing is discussed. As shown in the carrier profile, upon annealing, the Mg acceptors were activated much more. Accordingly, the forward currents in the voltage region below -5 V and the C 0 values increased. In general, it is assumed that the higher activation is caused by the dissociation and out diffusion of H atoms. On the basis of this assumption, if the surface defects are passivated by H atoms, the surface tends to be restored to its as-grown condition upon annealing; thus, C is expected to increase and the PR spectrum is expected to show less variation.
For further studies, analysis of surface composition, investigation of the effect of only H 2 plasma surface treatment, and isothermal capacitance transient spectroscopy to characterize D mid are planned.
Conclusions
The effects of ICP etching damage on the electrical characteristics of low-Mg-doped p-GaN Schottky contacts were evaluated. ICP etching greatly reduced the memory effect in the current-voltage characteristics and C. These reductions indicate that acceptor-type interfacial defects were passivated by H atoms during ICP etching.
PR measurements revealed that q B was increased from 2.08 to 2.63 eV by the etching. Because of the surface state change, E F would be moved toward the conduction band edge slightly by the etching. After annealing, the memory effect and C were partially restored, and the PR spectra showed less variation. The H atoms absorbed on the p-GaN surface might be released by annealing.
These results also tell us that the use of low-Mg-doped p-GaN Schottky contacts is suitable and sensitive for process-induced damage. 
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